A pilot CCS project in Indonesia will be implemented in Gundih area, Central Java Province in Indonesia. Before the CO 2 injection, the reservoirs for CO 2 injection must be characterized carefully by conducting geophysical exploration as well as reservoir simulation, in order to make sure that the reservoir is suitable for CO 2 storage. Here we report results of reservoir characterization and simulation for the determination of CO 2 injection site in the Gundih area. Subsurface structures imaged on seismic reflection profiles indicate that the Ngrayong formation is one of the candidates for CO 2 injection. We observed the outcrop of the Ngrayong formation and measured hydrological and geophysical properties (e.g., permeability, seismic velocity) of the rock samples obtained from outcrop and wells. The Ngrayong formation has layered structure and heterogeneous characteristics. Using (1) hydrological properties, (2) subsurface structures (i.e., geometry of the Ngrayong formation) and (3) physical properties predicted by integrating seismic and logging data via acoustic impedance inversion, we applied reservoir simulation and evaluated security of the CO 2 injection sites.
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Introduction
Carbon Capture and Storage (CCS) has near-term impact on CO 2 emissions. Since the CO 2 in the atmosphere has been significantly increasing, we should decrease the CO 2 emissions from human activities as soon as possible. CCS is attractive way to reduce the CO 2 emissions using the almost established technology. The roadblocks for implementation of CO 2 storage are (a) risk of CO 2 leakage, (b) risk of injection-induced seismicity, and (c) highcost. Because these roadblocks are strongly related to the highly uncertain local geological characteristics of potential storage sites, (1) reservoir characterization and simulation and (2) monitoring/modeling of injected CO 2 are crucial procedures in the development of CCS. Especially, the CCS projects in tectonically active area near from the plate convergent margins (e.g., Japanese Island or Indonesia) have some difficulties, compared to those in the stable continental crust. To overcome these roadblocks, we have developed methods of reservoir characterization and monitoring /modeling of injected CO 2 .
For the CO 2 storage for the tectonically active regions, the following issues should be considered.
(a) Heterogeneous geological formation: Because geological formations in plate convergent margins are heterogeneous compared to the large-scale reservoirs in the central part of the continental plates, we need to consider the heterogeneity (e.g., fractures) in constructing geologic models for reservoir simulation and in designing monitoring surveys. Furthermore, it is difficult to find stable structural closure (i.e., anticline structure) for CO 2 injection, thus we need to use the mechanisms of residual trapping, dissolution trapping and mineralogical trapping [1] . Even if we use reservoirs without structural closure for CO 2 storage, reservoirs around Japanese islands have a capacity of over 100 billion tons of CO 2 [2] . This volume is corresponding to ~100 years of total CO 2 emission from Japan. Geophysical data including well data are intensively acquired in CCS-EOR projects. However, there is limited geophysical data available that can be brought to bear for CO 2 injection into aquifer formations or new reservoir. Therefore, we need to characterize the reservoir (or construct geologic model) from limited geophysical /geological data. (c) Awareness for earthquakes:
Natural earthquakes are frequently occurred along the plate convergent margins. There is a possibility that the stress state within the crust is close to the critical state (failure threshold stress), over which the earthquake is generated (i.e., critically stressed nature) [3] . The increased pore pressure due to CO 2 injection reduces the frictional resistance to fault slip. Therefore, we must accurately monitor and control pore pressure variations due to CO 2 injection. As discussed later, the estimation of stress state (including pore pressure) before the CO 2 injection is crucial procedure. (d) Long-term monitoring and modeling:
Since monitoring in CCS projects should extend about hundred years, the requirements are much different from the conventional approaches in oil production. Especially we should continuously monitor the injected CO 2 if the lithology has heterogeneous characteristics (fractures). We need to develop the capability to monitor injected CO 2 using effective methods (e.g., seismic monitoring using ambient noise [4] ). To establish the methods of reservoir characterization as well as monitoring/modeling of injected CO 2 in tectonically active regions, the Nagaoka CCS project was conducted in Japan. The pilot CCS project demonstrated that the injected CO 2 can be clearly monitored by seismic data [5, 6] , logging data [7] and geochemical data [8] . Using these monitoring data, we confirmed that the injected CO 2 is safely stored within injection reservoir (<~100m).
Here, we focus on "Gundih CCS project" in Indonesia. This project will be a first pilot CCS project in Indonesia for research and development of technologies for assessing deep strata at CO 2 injection and for monitoring of underground distribution of CO 2 . Indonesia has a plan to reduce CO 2 emission by 26% by 2020 [9] . Since CO 2 emission from gas production fields is a major problem in Indonesia, we plan to inject CO 2 in the Gundih gas field, central Java Island (Fig. 1) . The CO 2 content within the produced gas is more than 20% in the Gundih gas field, so that CO 2 injection near the gas production wells could be effective way to avoid abundant CO 2 emission from this area. In this study, we characterized reservoirs of the Gundih gas field mainly using seismic data, and applied reservoir simulation in order to evaluate the potential and security of CO 2 injection sites. Presently we have two candidate sites for CO 2 injection around the Gundih gas field; (1) Central Gundih Gas field and (2) Northern Gundih field (yellow circles in Fig 1b) . Basin [13] . Tuban formation deeper than the Ngrayong formation is known as overpressure zone.
Geologic setting
The Gundih gas field is located at the vicinity of the east Java basin (Fig. 1) , where contains of thousands meters of Tertiary sedimentary sequences. This sedimentary sequence has a good potential of hydrocarbon source rock and reservoir rock. The east Java basin is a back-arc basin [10] . Basement configuration of east Java basin is controlled by two main structural trends, that NE-SW trend are generally only found in northern shelf and E-W trend contained in Mandala Central high and south basin. Indeed, the geologic structures (e.g., fault) observed around the Gundih gas field are extended mainly for E-W (or NE-SW) direction (Fig. 2) . The E-W or NE-SW trends would be influenced to the injected CO 2 behavior within reservoir.
The lithology we will inject CO 2 is the Ngrayong formation (Fig. 1b) , because the formation is sandstone and because the depth of this formation is ~1 km in the Gundih area. Since the depth of the formation is deeper than ~800m in the candidates for CO 2 injection reservoir [11] , we can effectively inject CO 2 as a supercritical state. The pore pressure at the Ngrayong formation is known as almost hydrostatic condition from previous wells. The physical and hydrological properties of the Ngrayong formation are much different between northern and southern regions; the northern Ngrayong formation is sandy and well sorted (Figs. 1 and 3) . The permeability of the outcrop samples obtained in the northern Ngrayong formation is high. Whereas, in the southern formation, the lithology is mud dominant and has low permeability [12] .
The Ngrayong formation is overlaid by the Wonocolo formation, composed by massive grey fossiliferous sandy marl (Fig. 1c) . This formation is deposited during late Miocene in the outer neritic environment. Since this formation has low permeability, it may work as a seal layer. Indeed, the rock samples obtained from this lithology using the shallow borehole drilled in this project (Fig. 3) have low permeability. The Tuban formation deeper than the Ngrayong formation is known as overpressure zone. 
Reservoir characterization and simulation
There are two main candidate sites for CO 2 injection around the Gundih gas field; (1) Central Gundih Gas field and (2) Northern Gundih field (yellow circles in Fig 1b) . Both candidates have advantages and disadvantages, so we summarize them by conducting reservoir characterization and simulation. We then provide information for the decision of CO 2 injection site. Here we mainly use seismic reflection data, logging data and discrete rock samples for reservoir characterization. To construct geologic model from these geophysical data, we apply acoustic impedance (AI) inversion to the post-stack data [14] and Common Reflection Surface (CRS) stacking analysis to the pre-stack data [15] . To characterize the hydrological properties of the Ngrayong formation, furthermore, we obtain rock samples from outcrops as well as shallow boreholes (stars in Fig.1; Fig.3 ). We then apply reservoir simulation using the constructed geologic models. 
Central Gundih Gas field
The high-resolution 3D seismic reflection data and several 2D seismic data were acquired in this region and can be used for reservoir characterization. This site is located within the gas field and is close to CO 2 capture facility (Fig. 1b) , therefore CO 2 can be supplied using pipelines. However, because of no borehole for CO 2 injection, we need to drill new borehole if we inject CO 2 in this region.
We could not find large-scale structural closure (i.e., anticline) for the Ngrayong formation within the 3D seismic survey area (Fig. 2a) . Therefore, we need to store the CO 2 using the residual trapping mechanism. Although the reverse faults are developed at the southern side of this region, the relatively stable formations are observed at the northern half of the 3D seismic area (Fig. 2a) . The horizon of top of the Ngrayong formation extracted from 3D seismic data demonstrates that dislocation plane (i.e., fracture or fault) is not observed in the stable region [11] . Whereas, the strike-slip fault is developed at the north of the central Gundih gas field (Fig. 2a) .
We applied reservoir simulation using realistic hydrological properties constructed by AI inversion and considering residual and dissolution trappings. Reservoir simulation is crucial step in CCS project to check the storage capacity of the reservoir and the risk of leak through faults. Because the field observation demonstrates that the lithology of the Ngrayong formation is fine grain in this region (Fig. 3c) , the injectivity of this lithology is low [12] . The reservoir simulation demonstrates that the injected CO 2 is not arrived at the strike-slip fault over 1000 years and safely trapped within the CO 2 injection reservoir [16] , when CO 2 is injected at the northern side of the reverse faults (red bar in Fig 2a) .
Northern Gundih field
We can use the suspended well (i.e., JEPON-1 site) for CO 2 injection in the Northern Gunidh field. The geological formations imaged on seismic profiles indicate that the JEPON-1 is located at the top of anticline structure whose axis is continued for E-W direction (Fig. 2b) . The shallower part of the Ngrayong formation is shale dominant, but the logging data (gamma ray log) indicates several interbedded sand layers. Sidewall core samples of JEPON-1 show that the sandstones are well sorted, indicating the high permeability (good injectivity). These sand layers could be used for the CO 2 injection. In the Gundih pilot CCS project, the injection amount of CO 2 is limited (~10,000 tons/year), thus these thin sand layers could be enough for injection.
At the northern side of the anticline (JEPON-1 site) , the strike-slip fault is existed [11] . The fault is dipping to south and extends beneath the well. In the depth of injection formation (~900m), the distance between the injection well and the closest fault is ~400 m. Therefore, we need to carefully consider the fault by performing reservoir simulation in order to estimate CO 2 saturation as well as pore pressure. The pore pressure is believed to be nearly hydrostatic conditions in this site because the Pertamina drilled through the Ngrayong formation in many locations and did not observe overpressure in the Ngrayong formation. However, the overpressure zone is expected at deeper lithology (e.g., Tuban formation).
We characterized reservoir and constructed geologic model using AI inversion (Fig 4a) . The AI estimated via inversion is well consistent with the value of logging-derived AI value. We further classified sand and mud layers by considering the relationship between AI and gamma ray log data. We then identified four sand dominant layers within the Ngrayong formation (red arrow in Fig 4b) , and these sand layers continuously exist for horizontal direction. By considering depth and temperature of the injection reservoir, the depth of the shallowest sand layer is closed to the supercritical phase transition. Therefore, the deeper three sand layers would be candidates for CO 2 injection.
To estimate future CO 2 distribution as well as pore pressure, we have applied reservoir simulation around the Ngrayong formation. The geologic model includes four thin sandstone layers (with high permeability) in the Ngrayong formation as classified in AI inversion, and the other zones are assumed as mud rock layers (with low permeability). We calculate CO 2 behavior in the case of high horizontal permeability (200 md) and low horizontal permeability (50 md) for sand layers, in order to recognize the CO 2 behavior of the two extreme cases. The CO 2 behavior would be within the range of these predictions. The horizontal permeability is assumed to be 10 times larger than the vertical permeability because the outcrop observations demonstrate sand-mud layered structure (Fig.  3c) . We conducted the reservoir simulation at several reservoir conditions (temperature, porosity) as well as injection rates. Underground temperature is not strongly influenced to the flooding area of injected CO 2 . Here we show the results of the reservoir simulation of CO 2 injection during 1 year with rate of ~10,000 tons/year (Fig 5) .
The simulation results demonstrated that the injected CO 2 is located around the borehole (within ~100m from borehole) in the low permeability case (Fig. 5a ) and is stored far from the fault located at northern side (Fig 2b) . In high permeability case (200 md), the injected CO 2 migrates for shallower direction (western direction) along the axis of anticline (Fig. 5b) , thus the injected CO 2 would not move to northern direction (i.e. the closest fault). Flooding area and direction are strongly influenced by permeability of sandstone layers. Therefore, the acquisition of permeability of reservoir rock must be important task for CO 2 injection project. Furthermore, since the formation geometry significantly controls the CO 2 movement, it is important to know the detailed geological structures around the injection site. Pore pressure predicted by reservoir simulation is not much increased at the fault zone in the condition of the small amount of injection rate (~10,000 tons/year). 
Discussion
The most significant concerns in CO 2 storage are CO 2 leakage and injection-induced earthquakes. The shear stress at failure is obtained by the following equation;
where C is cohesive strength, is coefficient of friction, is normal stress, and is pore pressure. If pore pressure increases due to CO 2 injection, the shear stress at failure is decreased. When the shear stress along fault is higher than the critical value , the fault could be ruptured. Therefore, the pore pressure is one of the most important parameters to evaluate the stability of lithology (or fault) and should be accurately monitored during and after CO 2 injection. From equation (1), furthermore, we recognize that the background stress state ( ) is also crucial information to evaluate stability of the faults. If the shear stress along the fault is close to (a little lower than) the shear stress at failure (critically stressed nature; [3] ) before the CO 2 injection, the small increase in pore pressure due to CO 2 injection could generate fault rupture. Therefore, we should accurately estimate background stress state including pore pressure before CO 2 injection.
Recent earthquake observations in fluid injection experiments indicate that the earthquakes are sometime occurred in the basement deeper than the injection reservoir [17] . The earthquakes in deep lithology could be occurred by CO 2 injection-induced earthquakes. Even if the injection-induced earthquakes occurred around the injection interval are small, they can change the stress state around the reservoir (even deep crust). Because there is a possibility that CO 2 injection indirectly generates large earthquake, the earthquake prediction in the CO 2 storage is difficult issue. Although the northern Gundih field seems to be better environment (less pore pressure), the deeper lithology (i.e., Tuban formation) may be high pore pressure conditions. Therefore, we should carefully characterize the stress state, in order not to disturb the stress state around the reservoir.
As discussed above, the stress state (including pore pressure) estimation is the priority work in the CO 2 storage. Pore pressure can be directly measure at the borehole, and its spatial distribution can be estimated from seismic velocity [18] . Stress state can be estimated from the borehole breakout [19] , earthquake source mechanisms and shear-wave splitting analysis [20] . From the GPS or InSAR observation [21] , furthermore, the strain could be estimated. By using the geomechanical modeling [22] , furthermore, we should evaluate the influence of CO 2 injection to the stress state around the injection reservoir. By using these available methods, we should estimate stress state around the injection site in near future.
